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We report a concept of thermoelectric devices, cooperative spin caloritronics 
device (CSCD), where cooperation between two or more energy channels such as spin, 
charge and heat currents can significantly enhance energy efficiency of spin 
caloritronic devices. We derive the figure of merit and the maximum efficiency due to 
cooperative effect in analytic forms for a CSCD. Cooperative effects significantly 
improve the figure of merit and the maximum efficiency in spin caloritronic systems 
with multiply couplings effects. Several examples of CSCDs, including electrical and 
thermal current induced DW motion, spin-thermoelectric power generator and 
spin-thermoelectric cooling/heating, are studied to illustrate the usefulness of the 
cooperative effect. We compare the efficiency of CSCD with several recently 
proposed spin caloritronic devices. Our scheme provides a novel route to seek high 
performance materials and structures for future spin caloritronic devices. 
PACS numbers: 72.20.Pa, 72.20.My, 75.78.Jp, 85.80.-b  
  
Introduction. In the past few years, manipulation of magnetization and magnetic 
textures such as domain walls (DW) and skyrmions in ferromagnetic (FM) 
nanostructures has attracted a lot of attention because of fundamental interest and 
potential impacts on data storage devices and logic operations [1-5]. Interplay 
between electronic spin, charge, and magnetization offers a promising physical 
mechanism for such manipulation. Especially, current-induced DW motion [6-11] or 
skyrmions [12, 13] along highly conducting magnetic nanowires promises the 
development of novel spintronic devices with high density, performance and 
endurance at a very low cost per bit, such as racetrack memory [4]. However, 
extensive experimental [4, 14] and theoretical [6-8] studies have shown that the 
critical current density to drive the motion of the conventional magnetic DW in FM 
nanostructures is on the order of 105 –108 A cm−2. Joule heating in such a high density 
information processing scheme becomes a serious issue because of the large current 
density which is necessary to overcome the pinning. 
Recently it was proposed theoretically and verified experimentally that heat current 
can also serve as an efficient way to drive the motion of DW [15-22] and skyrmions 
[23-25]. It may be possible to exploit waste Joule heat to assist current-driven 
magnetic patterns motion for information processing. Alongside with electrical 
current and spin current, heat can be conducted to designated regions to achieve DW 
manipulation effectively. Such realizations lead to prosperous researches on spin 
caloritronics [26-29], an emerging field to study the interaction between spin, charge 
and heat currents, and magnetization in magnetic materials and structures. Pioneering 
  
researches have uncovered abundant physical mechanisms, such as electron-magnon, 
phonon-magnon, and charge-spin couplings that explain the versatile phenomena in 
spin caloritronics systems [15-21, 30, 31]. Those couplings provide new ways to 
manipulate magnetic textures for information storage and processing. However, as for 
the situation of current-induced DW motion, energy efficiency in those couplings are 
still very low, which is one of the main challenges for spin-caloritronic applications 
[32-36]. 
In this Rapid Communication, we propose a novel concept of cooperative spin 
caloritronics device (CSCD) where cooperation between two or more energy channels 
can significantly enhance energy efficiency of spin caloritronic devices. Theoretical 
foundation of such cooperative effects is established in Ref. [37] based on Onsager’s 
theory of irreversible thermodynamics. A typical CSCD can be DW motion driven by 
coexisting electrical and heat currents. We show that cooperation between electrical 
and thermal currents induced DW motion can greatly improve the energy efficiency, 
surpassing the maximum achievable efficiency for DW motion induced solely by 
electrical or thermal current. Other CSCDs include spin-thermoelectric power 
generator and spin-thermoelectric cooling/heating. Our scheme provides a new route 
to significantly enhance energy efficiency and hence considerably reduce Joule 
heating for future advanced magnetic information storage and information processing. 
Basic theoretical framework. Onsager’s theory of irreversible thermodynamics 
establishes a general form to study nonequilibrium phenomena in thermodynamic 
systems [38]. Like in classical systems with balanced friction and driving forces and 
  
moving in constant velocity, thermodynamic systems under external forces derives 
motions (“currents”) at steady states. The relation between the forces ℱ⃗  and currents 
?⃗?  is generally written as [38-40]，?⃗? = ?̂?ℱ⃗  or 𝒯𝑛 = ∑ 𝑀𝑛𝑘ℱ𝑘𝑘 , where the index 
𝑛 (𝑘) numerates all currents (forces), and ?̂? is called the Onsager matrix. When the 
forces are not too strong, the dependence of ?̂?  on the forces can be ignored. 
Cross-correlated responses (e.g., thermoelectric effect) allow conversion from the 
input energy to the output energy (e.g., thermal to electrical energy conversion). In 
general, a thermodynamic machine realizes its function via consuming the input 
energy and converting this energy into the output work/energy to achieve certain 
functionalities. According to the theory of irreversible thermodynamics [37-38], there 
are an equal number of forces and currents.  
An important aspect of the performance of a machine is its energy efficiency. 
High energy-efficiency machine is demanded for future society not only to reduce 
energy cost, but also because damage of materials can be reduced if heating due to 
irreversible dissipation is reduced. It is hence crucial to improve the energy efficiency 
of functional materials and machines made of these materials. In practical applications, 
the first target is to find out the optimal energy efficiency and the condition that 
realizes the optimal energy efficiency for the functional materials/systems [41-43]. A 
general theory [37] was developed to fulfill this target for thermodynamic systems 
with arbitrary Onsager matrix (that may describe complex responses to multiple 
forces). We repeat the derivation of the optimal efficiency in the supplementary 
materials [44] where we also give other forms of the results beside that was presented 
  
in Ref. [37]. For symmetric Onsager matrices (i.e., time-reversal symmetric systems), 
?̂?𝐼𝐼 = ?̂?𝐼𝐼
𝑇 , ?̂?𝑂𝐼 = ?̂?𝐼𝑂
𝑇 , and ?̂?𝑂𝑂 = ?̂?𝑂𝑂
𝑇 . The maximum energy efficiency of the 
systems with a symmetric Onsager matrix is 
𝜙𝑚𝑎𝑥 =
√𝜉+1−1
√𝜉+1+1
                           (1) 
where 𝜉 =
𝜆
1−𝜆
 is the figure of merit and 𝜆 is called the “degree of coupling” [41, 
47]. Here 𝜆 is the largest eigenvalue of Λ̂ = ?̂?𝐼𝐼
−1/2
?̂?𝐼𝑂?̂?𝑂𝑂
−1?̂?𝑂𝐼?̂?𝐼𝐼
−1/2
 (termed as 
the “coupling matrix”) [44-49]. 
Electrical and thermal current induced DW motion. It has been shown that 
electrical and thermal current induced DW motion in a magnetic nanowire (Fig. 1(a)) 
can be described by a phenomenological linear-response equation ℱ⃗ = ?̂?ℐ  [16, 50], 
where                              
𝒥 = (ℐ𝑐 , ℐ𝑄 , ℐ𝑤 , )
𝑇
,  ℱ⃗ = (△ 𝑉,△ 𝑇/𝑇, 2𝐴𝑀𝑠𝐻𝑒𝑥𝑡)
𝑇,       (2a) 
?̂? = (
𝑀𝑐𝑐 𝑀𝑐𝑄 𝑀𝑐𝑤
𝑀𝑐𝑄 𝑀𝑄𝑄 𝑀𝑄𝑤
𝑀𝑐𝑤 𝑀𝑄𝑤 𝑀𝑤𝑤
) .                    (2b) 
The three thermodynamic currents are the electrical current 𝐽𝑐, the thermal current 𝐽𝑄, 
and the velocity of DW motion ℐ𝑤 = ?̇?𝑤 where 𝑟𝑤 is the center of the DW. The 
three thermodynamic forces that induce the currents are the voltage △ 𝑉 =
(𝜇ℎ − 𝜇𝑐) 𝑒⁄  with 𝜇ℎ  (𝜇𝑐) being the electrochemical potential of the hot (cold) 
terminal, the temperature difference △ 𝑇 𝑇⁄ = (𝑇ℎ − 𝑇𝑐) 𝑇⁄  with 𝑇ℎ (𝑇𝑐) being the 
temperature of the hot (cold) terminal, and the external magnetic field 𝐻𝑒𝑥𝑡. 
Following Ref. [50], the coefficients of the linear-response matrix can be written as 
follows: 𝑀𝑐𝑐 = 𝑅 , 𝑀𝑄𝑄 = 𝑅 𝐿𝑇
2⁄ , 𝑀𝑤𝑤 =
2𝜇0𝛼𝐴𝑀𝑠
∆𝛾
, 𝑀𝑐𝑄 = 𝑆𝑅 𝐿𝑇⁄ , 𝑀𝑐𝑤 =
ℏ
𝑒∆
𝑝𝛽 
and 𝑀𝑤𝑄 =
ℏ
𝑒
1
∆𝐿𝑇
(𝑆′𝛽′ − 𝑆𝑝𝛽). Here 𝑅 =
𝑙
𝜎𝐴
 is electrical resistance of the device 
  
where 𝜎 is the electrical conductivity, 𝑙 and 𝐴 are the length and area of the device, 
respectively. For a nanowire system as illustrated in Fig. 1, we take 𝑙 = 1𝜇𝑚 and 
𝐴 = 100𝑛𝑚2 for our calculation. 𝐿 = 2.443 × 10−8 𝑊𝛺𝐾−2 is the Lorenz number 
for metals. 𝑇 = 300𝐾 is the room temperature. We chose the material parameters 
that are close to those of the permalloy, viz., the saturation magnetization 𝑀𝑠 =
860 × 103𝐴/𝑚, the DW width ∆= 100𝑛𝑚, the Gilbert damping 𝛼 = 0.01, the 
electrical conductivity 𝜎 = 105(Ω𝑐𝑚)−1 , and the Seebeck coefficient 𝑆 =
100𝜇𝑉/𝐾. 𝜇0 is the vacuum permeability, e is the electron charge, and 𝛾 is the 
gyromagnetic ratio. Microscopically, the spin polarization, the Seebeck coefficient 
and the spin Seebeck coefficient are given by 𝑃 = 〈𝑠𝑧〉, 𝑆 =
〈𝐸〉
𝑒𝑇
 and 𝑆′ =
〈𝐸𝑠𝑧〉
𝑒𝑇
. We 
have set the energy zero to be the (equilibrium) chemical potential, i.e., 𝜇 ≡ 0, 𝑠𝑧 =
1 or − 1 for spin up and down, respectively. The average here is defined as 〈𝒪〉 =
𝜎−1 ∫𝑑𝐸 (−
𝜕𝑛𝐹
𝜕𝐸
)∑ 𝜎(𝑠)(𝐸)𝑠 𝒪 , where 𝜎
(𝑠)(𝐸)  ( 𝑠 =↑, ↓ ) is the spin- and 
energy-dependent conductivity. 𝜎 = ∫𝑑𝐸 (−
𝜕𝑛𝐹
𝜕𝐸
)∑ 𝜎(𝑠)(𝐸)𝑠  is the electrical 
conductivity. 𝑛𝐹 = 1/ [exp (
𝐸
𝐾𝐵𝑇
) + 1] is the Fermi distribution of the carrier. The 
relationships presented here are the generalized Mott relations for spin-caloritronic 
systems. The 𝛽 and 𝛽′ terms are regarded as crucial in understanding magnetic DW 
dynamics driven by electrical and thermal currents [16]. Although 𝛽 and 𝛽′ can 
generally be different, in the following estimation we will take 𝛽 = 𝛽′ = 0.1.  
The maximum efficiency is determined by the figure of merit and the degree of 
coupling according to Eq. (1).  As shown in the supplementary materials[44], a neat 
  
way to express the figure of merit is to introduce the following dimensionless 
coefficients 
𝑞𝑖𝑗 =
𝑀𝑖𝑗
√𝑀𝑖𝑖𝑀𝑗𝑗 
 .                          (3) 
The above coefficient represents the degree of coupling [37,46,48] for energy 
conversion between the i-th channel and the j-th channel. For example, 𝑞𝑐𝑄 represents 
the degree of coupling between electrical and thermal energy [37,48]. The figure of 
merit for electrical current-induced DW motion is 𝜉𝑐𝑤 =
𝑞𝑐𝑤
2
1−𝑞𝑐𝑤
2 , and that for thermal 
current-induced DW motion is 𝜉𝑄𝑤 =
𝑞𝑄𝑤
2
1−𝑞𝑄𝑤
2 . The second law of thermodynamics 
requires that |𝑞𝑖𝑗| ≤ 1, so that the maximum efficiency is bounded from above to 
ensure 𝜙𝑚𝑎𝑥 ≤ 100%. The figure of merit of the cooperative DW motion induced by 
the concurrent electrical and thermal currents is 
 𝜉 =
1−𝑞𝑐𝑄
2
1−𝑞𝑐𝑤
2 −𝑞𝑄𝑤
2 −𝑞𝑐𝑄
2 +2𝑞𝑐𝑤𝑞𝑄𝑤𝑞𝑐𝑄
− 1 ,                (4) 
which determines the maximum energy efficiency through Eq. (1). It can be proved 
that the cooperative figure of merit 𝜉 is always larger than (or, at least, equal to) 𝜉𝑐𝑤 
and 𝜉𝑄𝑤 (see Supplemental Material [44]). This is because the maximum efficiency 
given by the figure of merit in Eq. (4) is the global maximum of the efficiency, while 
𝜉𝑐𝑤  and 𝜉𝑄𝑤  only give the (conditional) maximum efficiency without heat or 
electrical current, respectively. 
Fig. 1(b) demonstrates the energy efficiency as a function of the electrical and 
heat currents for a typical case. Specifically, the energy efficiency, 𝜙, as a function of 
the ratio of the input currents to the output current, ℐ𝑐 ℐ𝑤⁄  and ℐ𝑄 ℐ𝑤⁄ , is plotted. We 
set 𝑝 = 0.5, 𝑆 = 100𝜇𝑉/𝐾 and 𝑆′ = −80𝜇𝑉/𝐾. These two currents can be of the 
  
same sign, or the opposite sign depending on the directions of the electrochemical 
potential gradient and the temperature gradient. Here we choose negative temperature 
gradient (along the x direction) and vary the direction of the electrochemical potential 
gradient. The down-triangle (up-triangle) point represents the maximal energy 
efficiency for the magnetic DW motion driven solely by the thermal (electrical) 
current. The rhombus point represents the global maximum efficiency for the 
magnetic DW motion induced by the concurrent electrical and thermal currents. The 
cooperative effect is clearly manifested by the fact that the global maximum 
efficiency is much greater than the optimal efficiency’s for the DW motion driven by 
only one of the currents, electrical or thermal current.  
The enhancement of the maximum energy efficiency due to cooperative effects, 
measured by 
𝜙𝑚𝑎𝑥
𝑚𝑎𝑥(𝜙𝑐𝑤,𝜙𝑄𝑤)
, as a function of 𝑃 and 𝑆′ is plotted in Fig. 2(a). The 
energy efficiency is significantly improved by the cooperative effect when 𝑆′/
(100𝜇𝑉/𝐾) is approximately negative twice of the spin polarization 𝑃. Fig. 2(b) 
shows the enhancement of the maximum energy efficiency as a function of the 
thermoelectric coupling coefficient 𝑞𝑐𝑄 = 𝑆 √𝐿⁄  when the electrical and thermal 
current-induced DW motion coefficients, 𝑞𝑐𝑤  and 𝑞𝑄𝑤, are set as constants (i.e., 
𝑆′𝛽′ − 𝑆𝑝𝛽 is fixed to be constant). Counterintuitively, although the thermoelectric 
coupling coefficient 𝑞𝑐𝑄 has nothing to do with the optimal energy efficiency of the 
electrical (or thermal) current induced DW motion, it has strong effects on the 
maximum efficiency for the magnetic DW motion driven by coexisting electrical and 
thermal currents. As already manifested in Eq. (4), the global maximum efficiency 
  
depends on the thermoelectric coupling coefficient 𝑞𝑐𝑄. Hence tuning 𝑞𝑐𝑄 can help 
improving the maximum efficiency. Fig. 2(b) shows that the dependence of the 
efficiency enhancement factor, 
𝜙𝑚𝑎𝑥
𝑚𝑎𝑥(𝜙𝑐𝑤,𝜙𝑄𝑤)
, on the thermoelectric coupling 
coefficient 𝑞𝑐𝑄 is not monotonic.  
The non-monotonic behavior of the enhancement factor, 
𝜙𝑚𝑎𝑥
𝑚𝑎𝑥(𝜙𝑐𝑤,𝜙𝑄𝑤)
, can be 
understood via Eq. (4), since the optimal efficiency has a one-to-one correspondence 
to the figure of merit. We emphasize two important aspects of the cooperative effect. 
First, the magnetic DW motion induced by the electrical and the thermal currents can 
be of the same direction, leading to constructive interplay between the two driving 
factors. If their directions are opposite, however, there will be destructive interplay 
between the two. Second, entropy production that limits the maximum efficiency, has 
contribution from all processes, including electricity and heat to magnetic energy 
conversion, as well as the conversion between electricity and heat energy. Tuning the 
𝑞𝑐𝑄 modifies the entropy production associated with the energy conversion between 
electricity and heat, and hence affects the maximum energy efficiency. However, the 
cooperative maximum efficiency is always greater than or equal to the maximum 
efficiency for magnetic DW motion driven by the electrical current or the thermal 
current. Therefore, unfavorable values of 𝑞𝑐𝑄  can only reduce the enhancement 
factor down to 1, which is realized only when 𝑞𝑐𝑄 =
𝑞𝑐𝑤
𝑞𝑄𝑤
 or 𝑞𝑐𝑄 =
𝑞𝑄𝑤
𝑞𝑐𝑤
. For the 
parameters chosen in Fig.2 (b), the enhancement factor has a minimum when 𝑞𝑐𝑄 =
𝑞𝑄𝑤
𝑞𝑐𝑤
 [as illustrated by the triangle point in Fig.2(b)]. Away from this point, the 
cooperative effect can considerably enhance the optimal energy efficiency. This gives 
  
rise to a useful route toward high energy-efficiency: tuning the thermoelectric 
coupling 𝑞𝑐𝑄 to enhance the cooperative effect for high energy-efficiency. Note that 
this method can be applied to materials with low energy-efficiency for the electrical 
(or thermal) driving magnetic DW motion, which might be of practical usage. 
 Finally, we emphasize that although the electrical and thermal currents coexist 
in most practical situations, the cooperative maximum efficiency can be reached only 
by properly tuning the temperature and electrochemical potential gradients [37], as 
shown in Fig.1 (b).  
Cooperative effects in spin-thermoelectric systems. In a magnetic material the 
coupled spin, charge and heat transport is described by the following 
phenomenological equation [26, 32], 
(
ℐ𝑐
ℐ𝑠
ℐ𝑄
) = (
𝐺 𝐺𝑃 𝐺𝑆𝑇
𝐺𝑃 𝐺 𝐺𝑆′𝑇
𝐺𝑆𝑇 𝐺𝑆′𝑇 𝐾0𝑇
)(
△ 𝑉
△ 𝑚
△ 𝑇/𝑇
).            (5) 
where ℐ𝑐 = 𝒿
(↑) + 𝒿(↓), ℐ𝑠 = 𝒿
(↑) − 𝒿(↓)  with 𝒿(↑) and 𝒿(↓) denoting the electrical 
currents of the spin-up and spin-down electrons, respectively. △ 𝑉 = (𝜇ℎ − 𝜇𝑐) 𝑒⁄  
and △ 𝑚 = 𝑚ℎ − 𝑚𝑐  with 𝜇 ≡ (𝜇↑ + 𝜇↓)/2 , and 𝑚 ≡ (𝜇↑ − 𝜇↓)/(2𝑒)  where 𝜇↑ 
and 𝜇↓  are the electrochemical potentials for spin-up and spin-down electrons, 
respectively. 𝐺 = 𝜎 𝐴 𝑙 ⁄  is the electrical conductance and 𝐾0 = 𝜅0𝐴 𝑙 ⁄  is the heat 
conductance of the device at △ 𝑉 =△ 𝑚 = 0 with 𝜅0 being the heat conductivity. 
Possible applications of the system include electrical power generator, 
cooling/heat-pumping, and spin pumper (the former two are illustrated in Fig. 3). 
We first discuss the spin-thermoelectric power generator driven by the coexisting 
temperature gradient △ 𝑇/𝑇 and spin density gradient △ 𝑚 [Fig. 3(a)]. The energy 
  
efficiency is given by 𝜙 = −ℐ𝑐 △ 𝑉/(ℐ𝑄 △ 𝑇/𝑇 + ℐ𝑠 △ 𝑚). Using Eqs. (1) and (5) we 
obtain 
𝜉 =
𝜅0𝑃
2+𝜎𝑇(𝑆2−2𝑃𝑆𝑆′)
𝜅0(1−𝑃2)−𝜎𝑇(𝑆2−2𝑃𝑆𝑆′+𝑆′
2
)
.                       (6) 
Again, the above figure of merit is always greater than (or, at least, equal to) both the 
figure of merit for thermoelectric power generator 𝜉𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0−𝜎𝑆2𝑇
 and the figure of 
merit for spin-charge conversion 𝜉𝑆𝐸 =
𝑃2
1−𝑃2
. 
We show in Fig. 4(a) that the enhancement factor of the figure of merit induced 
by the cooperative effect is considerable when 𝑃 and 𝑆′(100𝜇𝑉/𝐾) differs from 
each other (especially when they have different signs). It is shown in the 
supplementary material [44] that the transport coefficients are bounded by the 
second-law of thermodynamics [40]. The white regions in Fig. 4 are forbidden by the 
second-law of thermodynamics. The cooperative figure of merit 𝜉 can be very large 
for large 𝑃 and 𝑆′ as shown in Fig. 4(b). Particularly, the figure of merit 𝜉 is very 
large near the boundary of the allowed region. Exactly speaking the boundary 
represents the limit when the determinant of Onsager matrix becomes zero [i.e., 
𝜅0(1 − 𝑃
2) − 𝜎𝑇(𝑆2 − 2𝑃𝑆𝑆′ + 𝑆′2) = 0]. Thus, the maximum energy efficiency 
approaches its upper bound, 100%, and the figure of merit 𝜉 goes to infinity in 
approaching the boundary of the allowed region in Fig. 4 (The divergent behavior of 
𝜉 cannot be resolved in the figure due to restricted data range and resolution). We 
also plot the enhancement factor as a function of 𝑃 and the thermoelectric degree of 
coupling, λ𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0
, for 𝑆′ = 25𝜇𝑉/𝐾  in Fig. 4(c). From Fig. 4(c) the 
enhancement of energy efficiency due to cooperative effects is considerably large for 
  
large |𝑃|  and λ𝑇𝐸 . The enhancement factor as a function of the spin-Seebeck 
coefficient 𝑆′ and the thermoelectric degree of coupling λ𝑇𝐸 for 𝑃 = 0.5 is plotted 
in Fig. 4(d). We found that the enhancement is considerable for negative 𝑆′ with 
large |𝑆′|. That is, strong enhancement can be obtained when 𝑆′ < 0 for moderate 
and small thermoelectric degree of coupling λ𝑇𝐸. The negative 𝑆
′ and positive 𝑆 
require that the Seebeck coefficient of the minority-spin carriers to be negative (with 
large absolute value) while the majority-spin carriers have positive Seebeck 
coefficient. 
We now consider the spin-thermoelectric cooling/heating driven by the 
coexisting voltage △ 𝑉 and spin chemical potential gradient △ 𝑚. The coefficient of 
performance of the refrigerator (and heat pumper) is defined as 𝜂 ≡
?̇?
?̇?
=
𝑇
△𝑇
−ℐ𝑄△ 𝑇/𝑇
ℐ𝑐△𝑉+ℐ𝑠△𝑚
= 𝜂𝑐𝜙 , where 𝜂𝑐 =
𝑇
△𝑇
 is the Carnot efficiency. The schematic of 
spin-thermoelectric cooling/heating is shown in Fig. 3(b) and here we discuss cooling 
as an example. Using Eqs. (1) and (5), we obtain 
𝜉 =
𝜎𝑇(𝑆2−2𝑃𝑆𝑆′+𝑆′
2
)
𝜅0(1−𝑃2)−𝜎𝑇(𝑆2−2𝑃𝑆𝑆′+𝑆′
2
)
.                     (7) 
The above figure of merit is greater or equal to both the figure of merit for 
thermoelectric cooling, 𝜉𝑇𝐸, and the figure of merit for the spin-Peltier cooling 𝜉𝑆𝑃 =
𝜎𝑇𝑆′
2
𝜅0−𝜎𝑇𝑆′
2 [51]. 
The enhancement factor of the figure of merit induced by cooperative effect is 
plotted in a wide parameter range in Fig. 5(a). The figure of merit is significantly 
improved by cooperative effect when 𝑃  strongly deviates from 𝑆′/(100𝜇𝑉/𝐾) 
(particularly when the two have opposite signs). From Fig. 5(b), one can see that the 
  
cooperative figure of merit can be much larger than 1 when 𝑃 and 𝑆′/(100𝜇𝑉/𝐾) 
are sufficiently different. In such a regime, the spin-thermoelectric refrigeration is 
much more efficient than the thermoelectric cooling in the same material. Particularly, 
when 𝑆′/(100𝜇𝑉/𝐾) is close to -0.5, the spin-thermoelectric refrigeration becomes 
more efficient than the thermoelectric refrigeration. Figs. 5(c) and 5(d) indicate that 
the enhancement of figure of merit is strong when 𝑃 and 𝑆′/(100𝜇𝑉/𝐾) are very 
different, as shown by Fig. 5(b) and 5(d). 
Conclusion and discussions. We have shown that cooperative effects can be a 
potentially useful tool in improving the energy efficiency of spin caloritronic devices. 
For example, the cooperative effect can greatly enhance the figure of merit, if the 
magnetic DW motion is driven by the electrical and heat currents concurrently. Our 
scheme provides a new route to significantly enhance the energy efficiency and hence 
considerably reduce Joule heating for future advanced information storage and 
information processing based on magnetic materials. 
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FIG. 1. (Color online) (a) Schematic of electrical and thermal currents 
induced a 1D head-to-head DW motion in a ferromagnetic nanowire. (b) The 
energy efficiency, 𝜙, as a function of the ratio of the input currents and 
output current, ℐ𝑐 ℐ𝑤⁄  and ℐ𝑄 ℐ𝑤⁄ . The parameters are 𝑃 = 0.5 , 𝑆 =
100𝜇𝑉/𝐾 and 𝑆′ = −80𝜇𝑉/𝐾. The device does not work as current-driven 
DW motion function in the white region. 
  
 
 
 
 
 
FIG. 2. (Color online) (a) The enhancement factor of the maximum energy efficiency due 
to the cooperative effect, 
𝜙
𝑚𝑎𝑥(𝜙𝑐𝑤,𝜙𝑄𝑤)
, as a function of 𝑃 and 𝑆′. (b) The enhancement 
factor of the maximum energy efficiency as a function of the thermoelectric coupling 
coefficient 𝑞𝑐𝑄. The red dashed line represents the condition with 
𝜙
𝑚𝑎 𝑥(𝜙𝑐𝑤,𝜙𝑄𝑤)
= 1, 
which is reached at the green triangle point. 
  
 
 
 
 
 
 
 
 
FIG. 3. (Color online) Schematic of (a) the spin-thermoelectric power 
generator and (b) the spin-thermoelectric cooling/heat-pumper. A 
spin-thermoelectric (“spin-TE”) material (i.e., a conducting magnetic 
material) sandwiched between two ferromagnetic (FM) electrodes with 
different temperature, 𝑇ℎ > 𝑇𝑐, where the subscripts ℎ and 𝑐 denoting 
the hot and cold terminals, respectively. 
   
FIG. 4. (Color online) Spin-thermoelectric power generation. (a) The enhancement 
factor of the figure of merit due to cooperative effects, 𝜉/𝑚𝑎𝑥(𝜉𝑇𝐸 , 𝜉𝑆𝐸), as a function 
of 𝑃 and 𝑆′. The parameters are 𝑆 = 50𝜇𝑉/𝐾 and 𝑇 = 300𝐾. The heat conductivity 
is 𝜅0 = 𝜎𝐿𝑇 with the Lorenz number of 𝐿 = 2.5 × 10
−8 𝑊𝛺𝐾−2. (b) The cooperative 
figure of merit 𝜉 as a function of 𝑃 and 𝑆′. (c) The enhancement factor of the figure 
of merit as a function of 𝑃 and 𝜆𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0
 for 𝑆′ = 25𝜇𝑉/𝐾. (d) The enhancement 
factor of the figure of merit as a function of 𝑆′ and 𝜆𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0
 for 𝑃 = 0.5. In all of 
the above figures, the white regions are forbidden by the second-law of 
thermodynamics. 
  
 
 
FIG. 5. (Color online) Spin-thermoelectric cooling. (a) The enhancement factor of the 
figure of merit due to cooperative effects, /𝑚𝑎𝑥 (𝜉𝑇𝐸 , 𝜉𝑆𝑃) , as a function of 𝑃 and 𝑆′. 
The parameters are 𝑆 = 50𝜇𝑉/𝐾 and 𝑇 = 300𝐾. The heat conductivity is 𝜅0 = 𝜎𝐿𝑇 
with the Lorenz number of 𝐿 = 2.5 × 10−8 𝑊𝛺𝐾−2. (b) The cooperative figure of merit 
𝜉 as a function of 𝑃 and 𝑆′. (c) The enhancement factor of fthe igure of merit as a 
function of 𝑃 and 𝜆𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0
 for 𝑆′ = 25𝜇𝑉/𝐾. (d) The enhancement factor of the 
figure of merit as a function of 𝑆′ and 𝜆𝑇𝐸 =
𝜎𝑆2𝑇
𝜅0
 for 𝑃 = 0.5. In all of the above 
figures, the white regions are forbidden by the second-law of thermodynamics. 
